Thimet oligopeptidase (TOP) is a zinc-dependent metallopeptidase. Recent studies suggest that Arabidopsis thaliana TOP1 and TOP2 are targets for salicylic acid (SA) binding and participate in SA-mediated plant innate immunity. The crystal structure of A. thaliana TOP2 has been determined at 3.0 Å resolution. Comparisons to the structure of human TOP revealed good overall structural conservation, especially in the active-site region, despite their weak sequence conservation. The protein sample was incubated with the photoactivated SA analog 4-azido-SA and exposed to UV irradiation before crystallization. However, there was no conclusive evidence for the binding of SA based on the X-ray diffraction data. Further studies are needed to elucidate the molecular mechanism of how SA regulates the activity of A. thaliana TOP1 and TOP2.
Introduction
Thimet oligopeptidases (TOPs) are zinc-dependent metallopeptidases that are found in animals and plants and support many cellular functions. In humans, TOP activity is involved in the metabolism of bioactive peptides as well as the degradation of peptides released by the proteasome. The TOP enzymes contain the conserved His-Glu-X-X-His (HEXXH) sequence of active-site residues and belong to the M3 family of metallopeptidases (Rawlings & Barrett, 1995; Rawlings et al., 2012) . The crystal structures of human TOP (Ray et al., 2004) and related M3 family members such as neurolysin (Brown et al., 2001 ) have been reported. The structures are mostly helical in nature and the active site is located in a deep groove between two domains (domain I and domain II). Human TOP is involved in the degradation of many small peptides in cells, such as angiotensin, bradykinin and others.
The plant Arabidopsis thaliana encodes three TOP enzymes, TOP1 (At5g65620; Moreau et al., 2013) , also known as TOPorg (Polge et al., 2009) and organellar oligopeptidase (OOP; Kmiec et al., 2013) , TOP2 (At5g10540) and TOP-like (TOPL, At1g67690; Polge et al., 2009) . TOP2 and TOPL are cytoplasmic enzymes (Ito et al., 2011) , while TOP1 is located in the chloroplast (Ferro et al., 2010; Olinares et al., 2010; Moreau et al., 2013) . TOP2 shares 93% amino-acid sequence identity with TOP1 and 27% identity with human TOP (Fig. 1) . TOP1 (OOP) may be involved in degrading small prepeptides and other peptide substrates (Kmiec et al., 2013) .
Recent studies suggest that TOP1 and TOP2 may be targets for salicylic acid (SA; Moreau et al., 2013) . TOP1 was identified by screening an Arabidopsis protein microarray for proteins that could be cross-linked to the photo-activated SA analog 4-azido-SA. Binding to TOP1 and TOP2 was further confirmed using surface plasmon resonance and [ 3 H]-SA size-exclusion chromatography, although SA binding to TOP2 was weaker. Moreover, SA was able to inhibit the peptidase activity of TOP1 and to a lesser extent TOP2. In planta, both TOP1 and TOP2 seem to play a role in SA-dependent innate immunity, but through independent pathways. Additionally, TOP2 was shown to be indispensable for mediating the toxic effect of SA on germination.
Here, we report the crystal structure at 3.0 Å resolution of A. thaliana TOP2. The protein was treated with 4-azido-SA and exposed to UV irradiation before crystallization. However, no conclusive evidence for SA binding was observed based on the crystallographic analysis. While this paper was in preparation, the crystal structure of A. thaliana TOP1 was reported (Kmiec et al., 2013) , which shows a distinct conformational state of the enzyme. Figure 1 Sequence alignment of A. thaliana TOP1 (TOP1_at), TOP2 (TOP2_at) and human TOP (TOP_hs). The secondary-structure elements in the A. thaliana TOP2 and human TOP structures are indicated. The figure was created with ESPript (Gouet et al., 1999) and then modified.
Experimental procedures
was overexpressed in Escherichia coli BL21 Rosetta (DE3) cells at 20 C. The cells were lysed by sonication, and the recombinant protein was purified by Ni-NTA (Qiagen) and gel-filtration (Sephacryl S-300, GE Healthcare) chromatography. Purified TOP2 was concentrated to 40 mg ml À1 in a buffer consisting of 20 mM Tris pH 8.5, 200 mM NaCl, 5 mM DTT, 5%(v/v) glycerol, flash-frozen in liquid nitrogen and stored at À80 C.
Protein crystallization
TOP2 protein was mixed with 10 mM 4-azido-SA, incubated on ice for 1 h and then exposed to 5 mJ UV irradiation. Crystals were obtained with the sitting-drop vapor-diffusion method at 20 C. Initial crystallization conditions were identified by screening with commercial conditions (Crystal Screen, PEG/Ion, Wizard and others). The reservoir solution consisted of 220 mM ammonium acetate, 20%(w/v) PEG 3350. Crystals were cryoprotected by transferring to a solution consisting of 200 mM ammonium acetate, 35%(w/v) PEG 3350 and flash-cooled in liquid nitrogen for diffraction analysis and data collection at À173 C.
Data collection and structure determination
An X-ray diffraction data set was collected to 3.0 Å resolution on the NSLS beamline X29A. The diffraction images were processed and scaled with the HKL-2000 package (Otwinowski & Minor, 1997) . The crystal belonged to space group P6 3 22, with unit-cell parameters a = b = 168.7, c = 175.6 Å . There is one molecule of TOP2 in the crystallographic asymmetric unit, giving a solvent content of $70%.
The structure of TOP2 was determined by the molecular-replacement method with Phaser (McCoy et al., 2007) , using the structure of human TOP as the model (Ray et al., 2004) . The structure refinement was carried out with CNS (Brü nger et al., 1998). Manual rebuilding of the model was performed with Coot (Emsley & Cowtan, 2004 Figure 2 The structure of A. thaliana TOP2. (a) Schematic drawing of the structure of A. thaliana TOP2 free enzyme. The residues are colored from blue at the N-terminus to red at the C-terminus. The helices in the structure are labeled. The divalent metal ion is shown as a sphere in magenta. (b) The structure of A. thaliana TOP2 after a 60 rotation around the horizontal axis from (a) to highlight the large groove between the two domains. All structure figures were produced with PyMOL (http://www.pymol.org).
Figure 3
The active-site region of A. thaliana TOP2. Comparison of the active-site region of A. thaliana TOP2 (cyan) with that of human TOP (gray). The overlay is based on 494 C atoms located within 3 Å of each other in the two structures. The divalent metal ion in the TOP2 structure is shown as a magenta sphere and that in TOP as a gray sphere. The chloride ion in the TOP2 structure is shown as a green sphere. Ligands of the metal ion and other polar residues in the active region are shown as stick models. The labels are for residues in TOP2.
Results and discussion

Overall structure
The structure of A. thaliana TOP2 has been determined by the molecular-replacement method, using the structure of human TOP as the model (Ray et al., 2004) , and refined at 3.0 Å resolution. The current atomic model contains residues 6-697 of the protein, one divalent metal ion (modeled as zinc, although its exact identity is not known) and one chloride ion coordinated to the metal ion. A few residues at the N-and C-termini as well as the N-terminal His tag are disordered. The structure has excellent agreement with the crystallographic data and the expected bond lengths, bond angles and other geometric parameters (Table 1 ). The majority of the residues (92%) are in the most favored region and none of the residues are in the disallowed region of the Ramachandran plot (data not shown) as analyzed with PROCHECK (Laskowski et al., 1993) .
The structure of TOP2 contains two domains (Fig. 2a) with a deep groove between them (Fig. 2b) . Helix 5 blocks one end of the groove, while the other end is open. The active site of the enzyme is located at the base of this groove. The metal ion is coordinated by the side chains of His483 and His487 (in the HEXXH motif, helix 15) and Glu513 (helix 16; Fig. 3) . A chloride ion from the protein buffer is another ligand to the metal ion. The binding mode of the metal ion is similar to that observed in human TOP (see below).
Comparisons to other TOP structures
The overall structure of A. thaliana TOP2 is generally similar to that of human TOP. The r.m.s. distance is 1.8 Å for 494 equivalent C atoms (located within 3 Å of each other) between the two structures ( Fig. 4a) . At the same time, there are also clear differences between the two structures, and this is especially apparent for domain I. Movements of helices 6 and 9, as well as other parts of domain I, in the human TOP structure create a slightly more closed state for the groove compared with Arabidopsis TOP2. In addition, TOP2 has an insertion of 11 amino acids near residue 200 (Fig. 1) , which contribute to a new helix in the structure (6 0 ; Figs. 2a and 2b ). In the active-site region, the locations of the metal ion and the conformations of their ligands are similar in the two structures (Fig. 3) . Most of the other polar residues in this region are conserved between the two enzymes and they assume similar conformations between the two structures. Among the differences are the replacement of Glu436 and Trp509 in Arabidopsis TOP2 by Gly and Arg, respectively, in human TOP (Fig.  3) .
There are dramatic structural differences between A. thaliana TOP2 and TOP1 (OOP; Kmiec et al., 2013; Fig. 4b ), even though the two proteins share 93% sequence identity. The two domains in the TOP1 structure are located much closer to each other, such that the groove is no longer visible. This is a result of large changes in the positions of helices 6, 9 and 20 and many other segments in domain I. Residues 239-445 and 645-714 of this domain in the TOP1 structure (which include helices 6, 9 and 20) move as a rigid body, corresponding to a rotation of $34
, leading to the closure of the active site. Helix 6 is in direct contact with helix 3 in the TOP1 structure (Fig. 4b) , while these two helices form the top edge of the groove in TOP2, $25 Å away from each other (Fig. 2a) . It is likely that the current structure of TOP2 is in an open form, while that of TOP1 is in a closed form and more competent for catalysis (Kmiec et al., 2013) . In fact, electron density for the backbone of a tetrapeptide was observed in the active site of the TOP1 structure (Fig. 4b) , although no side-chain electron density was observed.
No conclusive evidence for SA binding
The TOP2 protein sample was incubated with 10 mM 4-azido-SA for 1 h and then subjected to UV irradiation before crystallization, which was expected to create a covalent linkage between the SA and the protein. Two pieces of difference electron density were observed in the groove between the two domains based on the crystallographic data at 3.0 Å resolution. One of these pieces was located near the metal ion and also showed a possible connection to the side chain of Trp509, which had weak electron density. However, neither of these two pieces of electron density was consistent with the SA compound, and they did not show any specific interactions with the protein. Therefore, it is more likely that they are other compounds (possibly mixtures) that were trapped in the groove during purification and/or crystallization, having nonspecific interactions with TOP2.
In summary, we have determined the crystal structure of A. thaliana TOP2 at 3.0 Å resolution. Comparisons to the structure of human TOP revealed good overall structural conservation, especially in the active-site region, despite the weak sequence conservation. The protein sample was incubated with 4-azido-SA and exposed to UV irradiation before crystallization. However, there was no conclusive evidence for the binding of SA based on the X-ray diffraction data. Further studies are needed to elucidate the molecular mechanism of how SA regulates the activity of A. thaliana TOP2 and TOP1. 
